ABSTRACT: We examined the metabolism of phosphorus (P), including its dietary assimilation, efflux, and regeneration, in the marine subtropical copepod Acartia erythraea feeding on diverse types of marine phytoplankton. The P assimilation efficiency (AE) ranged between 19 and 78% when the copepods were fed 6 algal diets at the same concentration (1.45 mg C l -1 ). Among the different algal diets, the AEs were not significantly related to the ingestion rate and the food gut passage time of copepods, or the P partitioning in the algal cytoplasm. The P AE decreased ca. 2-fold when the food concentration increased from 0.073 to 3.625 mg C l -1 , but was not influenced by the P quota in diatoms. The P efflux rates in the copepods feeding on diatoms were 0.30 to 0.36 d -1 over the food concentrations examined; the efflux rate was significantly higher when the copepods ingested diatoms with higher P quotas, suggesting that the P homeostasis in the copepods may possibly be achieved by efflux of P from the body. During the dietary assimilation and efflux periods, most P lost from the copepods was regenerated into the dissolved phase and only a small portion of P was detected in other compartments (mainly in the feces), suggesting that copepods rapidly regenerate particulate P into the surrounding waters. Our study indicated that both P dietary assimilation and efflux can play an important role in maintaining the P stoichiometry in copepods.
INTRODUCTION
Phosphorus (P), as a component of enzymes, ATP, and nucleic acids, is an essential nutrient for structural and functional health in organisms. In aquatic environments, P is presented in various physico-chemical forms (e.g. as orthophosphate, pyrophosphate, polyphosphate) (House 2003) . Compared with other potentially biolimiting elements, the marine biological productivity is believed to be controlled by the bioavailability of dissolved P on a geological time scale (Redfield 1958 , Tyrrell 1999 , Klausmeier et al. 2004 . The biogeochemical cycles of P in aquatic ecosystems have thus gained wide attention (Tyrell 1999 , House 2003 , Klausmeier et al. 2004 . The speciation, distribution, and cycling of P in aquatic environments have been extensively studied (House 2003 , Zhang et al. 2004 ). Many studies demonstrated that although the amounts of macronutrients increase in coastal waters due to obvious anthropogenic activities, P is a potentially limiting nutrient to primary productivity, e.g. in Hong Kong's coastal waters (Zhang et al. 1999 , Yin et al. 2000 , Miao et al. 2006 .
In aquatic ecosystems, zooplankton play a key role in the transfer of materials and energy along the food chain. They may influence the biogeochemical cycles of nutrients by actively feeding on phytoplankton and by regeneration of nutrients (Hargrave & Geen 1968 , Reinfelder & Fisher 1991 , Hutchins et al. 1995 , Wang & Fisher 1998 . Zooplankton can be both a sink and a source of an element, depending on the environmental conditions (Hargrave & Geen 1968 , Andersen & Hessen 1991 . Recent studies indicated that regenerated P is an important source for supporting biological pro-ductivity (Paytan et al. 2003) , especially in areas of high primary production with low P concentration (Zhang et al. 2004) . Zooplankton regeneration may supply over half of the P requirements for phytoplankton growth (Perry & Eppley 1981) , and it may even meet all the phytoplankton P requirements (James & Salonen 1991) . The elemental composition of copepods is relatively constant. Andersen & Hessen (1991) reported that many marine copepods had low P contents and high N/P ratios, e.g. their P contents were almost equal to 0.76 ± 0.18% of their body weights. Walve & Larsson (1999) demonstrated that the P content of Acartia sp. fluctuated between 1 and 2% of their body weight in different growth stages and seasons in the Baltic Sea. These results indicate that copepods might assimilate P from food at a relatively stable ratio (Hessen 1990) . However, mechanisms for maintaining the P stoichiometry in marine copepods remain largely unexplored at present, in contrast to ample studies in freshwater zooplankton (Sterner & Elser 2002) . P assimilation and excretion by zooplankton are key processes in the overall P cycling in aquatic environments. These processes may be affected by many factors such as food characteristics (P content and distribution in the food) and the feeding kinetics of animals. Marshall & Orr (1961) first reported that copepods could not completely assimilate ingested P and that ca. 10 to 50% of ingested P ended in their fecal pellets. Bulter et al. (1970) observed that Calanus finmarchicus assimilated only 17% of P from food, while 23% of ingested P was released as feces and 60% was directly excreted as dissolved inorganic P into the water. This early study implied the importance of P regeneration into the dissolved phase (as excreted products), because of the relatively low dietary assimilation. Reinfelder & Fisher (1991) found that copepods assimilated the elements only from the cytoplasm of algae because of the short gut residence time of food materials. The assimilation efficiency (AE) of P was ca. 72% in Acartia tonsa (Reinfelder & Fisher 1991) . Other studies showed that P AE in Calanus sp. fluctuated between 40 and 77% (Corner et al. 1972 ). Despite these much earlier studies, there is still missing information in regard to the biogeochemical fate of P in aquatic environments, especially regarding the biologically mediated regeneration by copepod grazing. For example, the P efflux rate for marine copepods is unknown, but this rate is essential in clarifying the interdependence between P cycling and ecosystem response, as well as in predicting the stoichiometry of P in copepods.
Acartia erythraea is a neritic copepod species, abundant in the coastal waters of the South China Sea during late summer and autumn. In the present study, we measured the dietary assimilation, release, and physiological turnover rates of P in A. erythraea under different conditions, including different phytoplankton species and abundances, as well as different P quotas in their food particles. We examined the relationships between dietary P assimilation and the feeding activity (food gut passage time, ingestion rate) of copepods. Our results may provide a basis for predicting the homeostasis of P in marine copepods when they respond to different environmental conditions and for understanding P cycling as mediated by zooplankton grazing in marine waters.
MATERIALS AND METHODS
Adult copepods Acartia erythraea were collected by plankton net (250 µm mesh size) towing in Port Shelter, Clear Water Bay, Hong Kong. A. erythraea is the dominant zooplankton species in the subtropical coastal waters of the South China Sea in the summer and autumn. Typical dry weights of adults were 5.2 ± 0.2 µg ind.
-1 , with a C, N, and P content of 3.03 ± 0.26, 1.02 ± 0.10, and 0.035 ± 0.000 µg ind.
-1 , respectively. The copepods were maintained in the laboratory in glassfiber-filtered (GFF) seawater (32 ± 1 ‰) and fed a diet of mixed algae (diatoms Thalassiosira weissflogii and Thalassiosira pseudonana, dinoflagellate Prorocentrum minimum, and prasinophyte Tetraselmis levis) for 1 to 2 d prior to the experiments described below. The radioisotope 33 P (from New England Nuclear) was used to trace P behavior throughout the course of the experiments.
A total of 6 species of algae were tested in this study: Thalassiosira weissflogii (CCMP 1048), Thalassiosira pseudonana (CCMP 1335), Phaeodactylum tricornutum (CCMP 630), Tetraselmis levis (CCMP 896), Prorocentrum minimum (CCMP 696), and Dunaliella tertiolecta (CCMP 1320). These algae were purchased from the Provasoli-Guillard Phytoplankton Collection Center, Maine, USA, and maintained in f /2 medium (19 or 23°C) under an illumination of 100 µmol photons m -2 s -1
, with a 14:10 h light:dark cycle. To radiolabel the phytoplankton, the late-log-phase cells were gently filtered onto 1 or 3 µm polycarbonate membranes at vacuum pressure < 50 mm Hg and resuspended in 0.2 µm filtered seawater at an initial cell concentration of 1 to 2 × 10 4 cells ml -1 (depending on different algal species). The algal carbon content was measured using a CHN element analyzer (Leco CHN-900) at 650°C. The radioisotope addition was 0.5 µCi ml -1 for 33 P. After 3 to 5 d of growth, the cells grew > 3 generations and were considered to be uniformly labeled. They were collected again and rinsed with 0.2 µm filtered seawater to remove the weakly bound P on the cell surfaces.
Phosphorus assimilated by copepods. Three independent experiments were conducted to determine the P AE by the copepods fed with different species, a different P status of algae, or at different algal densities. In experiments with different species of algae, a total of 6 species were chosen (Thalassiosira weissflogii, Thalassiosira pseudonana, Phaeodactylum tricornutum, Tetraselmis levis, Prorocentrum minimum, and Dunaliella tertiolecta). The biomass was the same for each algal diet, i.e. 1.45 mg C l -1 . In the food concentration experiments, only T. weissflogii was used, and the cell densities were 0. 073, 0.363, 0.725, 1.450, and 3.625 mg C l -1 . In the third experiment, we tested the influences of different cellular quotas of P in the diatoms on the P AE by the copepods. The diatoms T. weissflogii were grown under different P concentrations (0.72, 7.2, and 36.2 µM P). Other macronutrients were at f /2 levels. Each day, the cells were gently collected with a 3 µm membrane and resuspended into 0.2 µm seawater containing the new medium. After 2 wk of semi-continuous culture, the cells were harvested for the feeding experiments (at a cell density of 1.45 mg C l -1 ). All experiments were conducted at room temperature (23°C). The copepods first evacuated their gut contents into filtered seawater without food for 1 h and then were transferred to 100 ml filtered seawater at a density of 0.6 ind. ml -1 . Each food treatment had 3 replicated beakers. The radiolabeled algae were then added to the feeding beakers, and the total feeding time was 15 min under dark conditions. The short radioactive feeding period avoided the production of radioactive fecal pellets. The total amount of 33 P ingested by copepods could be quantified accurately. The copepods were collected with 250 µm nylon mesh after radioactive feeding and rinsed with filtered seawater. Two individuals were immediately removed for beta-counting, as described below. The remaining individuals were quickly returned to filtered seawater containing unradiolabeled food at the same carbon biomass. Copepods were depurated for 12 h under such conditions, during which time 10 individuals were removed at 1 to 4 h intervals for radioactivity counting. Similarly, any feces and 10 ml water were simultaneously collected for 33 P measurements at each time point during the depuration period. After each sampling, seawater and food were renewed.
Assimilation efficiency (AE) is defined as the fraction that is incorporated into the body tissues after the digestive products are taken up and absorbed across the cell membrane of the gut wall. Since the time required for a complete absorption and assimilation of elements is longer than the gut passage time of ingested food materials , it is impractical to calculate the AE based on the gut passage time of ingested food (<1 h). In our study, there was still appreciable depuration of ingested 33 P from the copepods during 2 to 12 h of depuration (see data below); the AE was thus operationally calculated as the % of ingested P remaining in the slower exchanging compartment (between 2 and 12 h), which was the y-intercept of the linear regression between the natural log of the % of P retained and the time of depuration (Wang & Fisher 1999) .
Phosphorus efflux by copepods. We tested the influences of algal cell density and cellular P quotas on the efflux of ingested P by copepods. The efflux rates were quantified after the copepods were fed with the radiolabeled diatoms for a long period of time (2 d), enabling the radiolabeled P to be uniformly distributed in the copepods. The diatoms Thalassiosira weissflogii were used in these experiments. In the first experiment, the diatoms were radiolabeled with 33 P for 3 d; they were collected on a 3 µm membrane and resuspended in filtered seawater to give cell densities of 0.073, 0.363, 0.725, 1.450, and 3.625 mg C l -1 . There were 3 replicates for each food concentration treatment. The copepods were fed with radiolabeled food for 2 d. Every 4 to 6 h, the radiolabeled diatoms were added to maintain a relatively constant food concentration in the feeding beakers. After feeding on the radioactive food for 2 d, the copepods were collected with 250 µm mesh, rinsed with filtered seawater, and their guts were allowed to evacuate for 1 h. The copepods were then transferred to 150 ml water at a density of 0.8 ind. ml -1 (120 individuals in total, with 10 individuals removed for measurements every 2 to 8 h), and the food concentrations were the same as those used during the radioactive feeding period. During the 64 h depuration period, 10 individual copepods and feces were collected every 2 to 8 h and rinsed with filtered seawater. Another 5 ml of water was sampled to measure the P distribution in different compartments (water and feces). After each sampling, the seawater and food were renewed.
In the second experiment, the diatom Thalassiosira weissflogii was grown at different P concentrations (0.7, 7.2, and 36.2 µM), whereas the concentrations of other macronutrients were maintained at f /2 levels. Each day, the cells were gently collected and resuspended into filtered seawater containing the new medium. After 2 wk of semi-continuous culture, the cells were harvested and fed to the copepods at a cell density of 1.45 mg C l -1 for 2 d. The efflux of P by the copepods was then quantified using the approaches described above.
Ingestion rate (IR) and food gut passage time (FPT). The IR of copepods grazing on different algae was quantified at an algal density of 1.45 mg C l -1 . The copepod density in the experiment beakers was 0.2 ind. ml -1
. A control treatment containing algae only was used to monitor algal growth during the incubation period (6 h). All the experiment beakers were then placed on a Ferris cell (rotating wheel) under dark conditions at a speed of 2 rpm. Each experimental treatment had 3 replicates. The initial and final cell densities were measured using a Coulter Counter. The IR was finally calculated according to the equation described by Omori & Ikeda (1992) . In addition, we also quantified the FPT. Before the experiments, the copepods were kept in filtered seawater to evacuate their guts for 1 h. Algal suspension (10 ml) was then transferred to a deep-well dish containing 1 individual copepod. Every 3 to 5 min over a period of 3 h, the copepod was checked under a light microscope to examine whether any feces were produced. The experiment was terminated when the first feces appeared (defined as the FPT). There were 8 individual copepods (replicates) in this experiment.
Recycling of regenerated phosphorus by copepods and algae. This experiment tested the recycling of P regenerated by the copepods in our experimental systems. About 500 individual copepods were used in this experiment. After feeding on the radiolabeled algae for >12 h, the copepods were collected using the 40 µm mesh, transferred to filtered seawater immediately, and depurated for 12 h, during which time the copepods and feces released P into the seawater. The copepods and feces were then removed, and the seawater containing the regenerated P was used in the recycling experiments. In one treatment, the copepods were added without the presence of food materials to directly quantify the accumulation of regenerated P by the copepods (at a copepod density of 0.6 ind. ml -1 ). In another treatment, the copepods were added in the presence of the diatoms Thalassiosira weissflogii at different cell densities (0.073, 1.450, and 3.625 mg C l -1 ) to quantify the accumulation of P in the copepods (which included the absorption of regenerated P by the diatoms followed by copepod grazing). The diatoms were previously inoculated under different P concentrations as described above (i.e. 36.2, 7.2 µM, and P starvation). Each treatment had 3 replicate bottles. At 2, 4, and 6 h, the copepods were collected and their uptake of regenerated P was measured by quantifying the 33 P radioactivity in them. Radioactivity measurements and statistical analysis. Before counting 33 P radioactivity, the samples were mixed with cocktails at a sample to cocktail ratio of 1:4 and were placed in darkness for at least 12 h. The copepod samples were first dissolved in 0.5 N NaOH at 80°C for 8 h before the addition of cocktails. The radioactivity of 33 P was determined using a Wallac WinSpectral 1414 liquid scintillation counter. Statistical analysis was performed using 1-way ANOVA, following appropriate arcsine transformation of the percentage data. Tukey's HSD (honestly significant difference) multiple comparison tests were used to detect the differences between groups. Differences were considered significant at p < 0.05.
RESULTS

Phosphorus assimilation
P was rapidly released by the copepods Acartia erythraea within the first 2 h following a pulse ingestion of radiolabeled phytoplankton (Figs. 1 to 3) . Since there was still appreciable depuration of ingested 33 P from the copepods during a 2 to 12 h period, the AE was operationally calculated as the percentage of P remaining in the more slowly exchanging compartment (between 2 and 12 h), using methods described in Wang & Fisher (1999) . The AE varied among different phytoplankton diets at the same food concentration (1.45 mg C l -1 ), ranging between 19 and 78% ( Table 1 ). The highest AE was observed for the dinoflagellate Prorocentrum minimum, and the AEs were comparable for Thalassiosira weissflogii, Phaeodactylum tricornutum, and Tetraselmis levis. In this experiment, the percentage of released P partitioning in the dissolved phase (< 0.2 µm) was also quantified during the depuration period. The majority of released P was found in the dissolved phase, whereas only a very small percentage of P was detected in the particles (mainly as feces), suggesting that copepods rapidly regenerated the P into the surrounding waters. Furthermore, the fraction of P in the dissolved phase increased with increasing depuration time.
In experiments with different concentrations of Thalassiosira weissflogii, the P retention was comparable among the 3 high food concentrations (0.725, 1.450 and 3.625 mg C l -1 ) and between the 2 low food concentrations (0.073 and 0.363 mg C l -1 ) (Fig. 2) . At a food concentration < 0.363 mg C l -1 , the P retention in the copepods after 12 h of depuration was >16%, but decreased to ca. 10% when the diatom density was > 0.725 mg C l Table 1 . Acartia erythraea. Phosphorous algal content and distribution in the algal cytoplasm, food gut passage time (FPT), ingestion rate (IR), and P assimilation efficiency (AE) in the copepods feeding on different phytoplankton at the same cell biomass (1.45 mg C l -1
). Data are means (± SD, n = 3 for percent in cytoplasm, IR, and AE, and n = 8 for FPT). Superscripts bearing the same letters in each column mean that no significant difference between the 2 algal diets was found a b food concentration increased from 0.363 to 0.725 mg C l -1 (Table 2) . Similarly, the majority of depurated P was found in the dissolved phase, and there was no trend in the relative partitioning of depurated P among different food concentration treatments (Fig. 2) . The IR of Acartia erythraea was highly dependent on the food species and increased with diatom concentration (Tables 1 & 2) . At the same food concentration, the maximum and minimum IR was found for Prorocentrum minimum (1.33 µg C copepod -1 h -1
) and Phaeodactylum tricornutum (0.21 µg C copepod -1 h -1 ), respectively. The FPT was also dependent on the food species and concentration. In general, the FPT decreased with cell size and cell density. At the same food concentration (1.45 mg C l -1 ), FPT was the shortest when the copepods were fed P. minimum (37 min) and the longest for Dunaliella tertiolecta (57 min). By considering all 6 diets together, there was no significant correlation between the P AE and the IR of copepods, the FPT, or the P partitioning in the algal cytoplasm. In the diatom concentration experiments, the P AE initially decreased with an increase in IR, but it was then maintained comparably when the IR exceeded 0.21 µg C copepod -1 h -1 (at 0.725 mg C l -1
). No significant relationship between P AE and FPT was documented in the food concentration experiments.
After 2 wk of semi-continuous culture at different P concentrations, the P content in the diatom Thalassiosira weissflogii was 0.9 ± 0.0, 1.6 ± 0.3, and 1.7 ± 0.2 pg cell -1 for 0.7, 7.2, and 36.2 µM P, respectively. When the copepods were fed these diets, the depuration of ingested P was comparable, regardless of the status of P in the diatoms (Fig. 3) . After 12 h of depuration, ca. 20% of P was retained in the copepods among the 4 P treatments. The P AE was 25.5 ± 2.4, 29.0 ± 1.1, and 25.4 ± 6.1% for 0.7, 7.2, and 36.2 µM P treatments, respectively, and was independent of the P quotas in the diatoms. In this experiment, < 40% of depurated P was found in the dissolved phase within the first hour of depuration, but this fraction then dominated the depurated P after 4 h.
Phosphorus efflux
The P efflux rates by Acartia erythraea were quantified during 60 h of depuration after copepods ingested the radiolabeled diatoms for 2 d (Fig. 4) ; depuration Table 2 . Acartia erythraea. Food gut passage time (FPT), ingestion rate (IR), and P assimilation efficiency (AE) in copepods feeding on the diatoms Thalassiosira weissflogii at different concentrations. Data are means (± SD, n = 3 for IR and AE, and n = 8 for FPT). Superscripts bearing the same letters in each column mean that no significant difference between the 2 food levels was found Table 3 . Acartia erythraea. Phosphorus efflux rate constants (k e ) in copepods feeding on the diatoms Thalassiosira weissflogii at different food concentrations and P additions. Data are means (± SD, n = 3). Superscripts bearing the same letters mean that no significant difference was found a b was characterized by rapid loss within the first 4 h, followed by a slower loss afterwards. Depuration between 4 and 60 h was thus used to calculate the P efflux rate by the copepods, which was 0.30 to 0.36 d -1
for the different diatom concentration treatments (Table 3 ). Statistical analysis indicated that the food concentration did not significantly affect the efflux rate of P in the copepods (ANOVA). During the efflux period, most released P was regenerated by the copepods into the dissolved phase and there was only a small fraction of P found in the fecal materials (Fig. 4) . No major differences in the relative partitioning were observed among the different food concentration treatments during the initial period of efflux, but later the copepods released a larger fraction of P into the dissolved phase at a higher food concentration. The depuration of assimilated P by copepods fed on diatoms inoculated at different P concentrations is shown in Fig. 5 . The efflux rate constant (calculated between 4 and 63 h of depuration) was 0.33, 0.48, and 0.46 d -1 for diatoms inoculated at 0.7, 7.2, and 36.2 µM P, respectively (Table 3) . Thus, the copepods depurated P at a lower rate when they ingested the diatoms containing lower P concentrations, but no significant difference was found between the 7.2 and 36.2 µM P treatments. In this experiment, regeneration into the dissolved phase was the dominant route of P efflux. However, the relative partitioning into the dissolved phase decreased for the lowest P concentration treatment after 30 h of depuration.
Copepod uptake of regenerated P
During the depuration period, regenerated P may be recycled by the copepods by either direct uptake of dissolved P or ingestion of algae that may absorb the dissolved P rapidly. To test such a possibility, we exposed the copepods to the regenerated P with and without the presence of algae under the same conditions as those used for the AE and efflux experiments. Direct uptake of dissolved (regenerated) P by the copepods was rather slow, representing up to 1.2% of the total dissolved P pool during the 6 h of exposure (Fig. 6 ). In the presence of diatoms (grown at 7.2 µM P), ca. 3% of the regenerated P was accumulated by copepods (as a result of ingestion of diatoms and direct uptake of dissolved P) at the 2 high cell densities (1.45 and 3.625 mg C l -1 ) (Fig. 6) . At the low cell density (0.073 mg C l -1 ), <10% of the regenerated P was taken up by copepods. Results obtained for diatoms grown at 36.2 µM and P starvation were comparable to those obtained at 7.2 µM, suggesting that differences in the P status of diatoms did not affect the recycling of Overall, these data implied that the recycling of regenerated P by copepods during the depuration period was negligible.
DISCUSSION
Phosphorus assimilation
Zooplankton may play an important role in the biogeochemical cycling of P in marine environments; they can assimilate dietary P and regenerate it into the dissolved phase, which may be rapidly recycled by bacterial communities or phytoplankton. Although AE is an important parameter in evaluating the elemental biogeochemical cycle, only a few earlier studies have reported the P AE in marine copepods, and the results varied. Bulter et al. (1970) noted that only 17% of algal P was assimilated by the copepod Calanus finmarchicus, whereas Corner et al. (1972) reported that the P AEs of Calanus sp. ranged between 40 and 77%. Reinfelder & Fisher (1991) found that the P AE in the copepod Acartia tonsa was ca. 72%. Our measured P AEs were similar to those measured by Corner et al. (1972) and Reinfelder & Fisher (1991) . Clearly, a high proportion of the P was digested from the food and absorbed across the gut wall. The assimilated P may have subsequently been incorporated into organic molecules and used energetically by the animals (e.g. ATP). Earlier studies reported that only the element in the algal cytoplasm was assimilated by copepods (Reinfelder & Fisher 1991) . Therefore, different algae may influence the P AE and its fate in aquatic environments, due to their different distributions in the algal cytoplasm. However, there has been only 1 measurement of P in regard to its distribution in diatoms and its AE by copepods (Reinfelder & Fisher 1991) . Our study, using 6 species of algal diets, did not find a significant relationship between the P AE and the P distribution in the algal cytoplasm, but the percentage assimilated by the copepods was generally much smaller than the percentage of P partitioning in the algal cytoplasm. Several studies also reported that element assimilation by copepods was affected by both the quantity and quality of food (Xu & Wang 2001 , 2003 .
The IR of Acartia erythraea generally increased with increasing food concentration (until the saturation concentration was reached), and it was rather variable among different diets, consistent with earlier studies (Liu & Wang 2002 , Xu & Wang 2003 . Intuitively, one would expect that the P AE would be negatively related to the IR of the copepods, as observed in our diatom food concentration experiment. One possible mechanism underlying the lower P AE with increasing food concentration or IR was the decreasing FPT, which may lead to less efficient digestion and assimilation within the copepod's gut. In contrast, the P assimilation was not related to the IR of A. erythraea or FPT when feeding on different algal diets. It is interesting to note that the copepods had the highest IR and AE on the dinoflagellates Prorocentrum minimum, which were accompanied by the shortest FPT.
When the copepods were fed diatoms with different P quotas, the P AEs remained rather comparable. Earlier studies demonstrated that marine copepods had low P content, i.e. ca. 0.76% of their tissue dry weights (Andersen & Hessen 1991 , Walve & Larsson 1999 . In our study, although the algae were grown at different P concentrations, their P contents might still have been higher than the requirement by copepods, so there were no significant differences in P AEs among the different P treatments. The P contents of the diatoms were reduced ca. 2-fold when grown under P-limited conditions (0.7 µM), compared to cells grown under P-enriched conditions (7.2 to 36.2 µM).
Regeneration of P into the dissolved phase was the predominant route by which the copepods released unassimilated P. The fraction of P in the dissolved phase increased during the course of depuration. Several recent studies have shown that regeneration into the dissolved phase played a critical role in the elimination of carbon (Xu & Wang 2003) and metals (Hutchins et al. 1995 , Wang & Fisher 1998 , Xu & Wang 2001 in marine copepods. Thus, by efficiently regenerating particulate P (from prey) into the dissolved phase, grazing may increase the P residence time and its recycling in surface waters. Furthermore, a low P concentration may support high primary productivity in some coastal ecosystems as a result of the very efficient regeneration of particulate P (Zhang et al. 2004 ). The very efficient dietary assimilation coupled with the rapid efflux into the dissolved phase suggest that copepods should play a major role in the P food chain dynamics in marine ecosystems.
Phosphorus efflux
Zooplankton excretion is an important pathway to regenerate elements such as N and P (Butler et al. 1970 , Landry 1993 , Wen & Peters 1994 and metals , Wang & Fisher 1998 , Xu & Wang 2001 in ambient environments. The efflux rate constant is a key parameter to evaluate the physiological turnover of marine zooplankton. Despite the longstanding interest in P functions and zooplankton activity in aquatic ecosystems, relatively few studies have considered P turnover in zooplankton. In previous studies, the daily turnover rate of P was found to be ca. (Conover 1961) and 41% in C. helgolandicus (Corner et al. 1972 Kiørboe et al. 1985) , the P efflux rates in A. erythraea were rather high (0.30 to 0.36 d ) quantified in T. longicornis (Wang & Fisher 1998) and to carbon measured in Acartia spinicauda (0.13 to 0.37 d -1 ) (Xu & Wang 2003) . Overall, our data indicated that P excretion was an important metabolic route for the marine copepods. The high efflux may result from the rapid turnover of the incorporated P from metabolic pools (e.g. ATP). In addition, the relatively faster loss of P from the copepods during the first few hours of the experiments may have been associated with the increased metabolic stress due to crowding of handling. It would be interesting to further examine the metabolically control of P efflux in marine copepods.
10% in Calanus finmarchicus
Earlier studies found that the element metabolism of zooplankton could be affected by both the quantity and quality of food (Sterner 1990 , Hessen & Andersen 1992 , Urabe 1993 . Our studies demonstrated that P turnover in Acartia erythraea was rather comparable regardless of the food concentrations. This result is analogous to N excretion in Calanus pacificus (Miller & Landry 1984) , C excretion in Acartia spinicauda (Xu & Wang 2003) , and Se and Zn excretion in Temora longicornis (Wang & Fisher 1998) . However, the excretion rate of metal (Cd, Ag, Co) increased significantly with increasing food concentration (Wang & Fisher 1998) . Therefore, the role of zooplankton in the cycling of elements may be specific for each element according to food conditions and nutritional demands. Olsen & Øst-gaard (1985) also reported that the physiological state of algae could affect P turnover. Wen & Peters (1994) reported that the excretion rate of P by the freshwater cladoceran Daphnia magna was significantly related to the N status. Our study also implied that there was an inherent relationship between P turnover in marine copepods and P status in the algal diet. Under a sufficient food supply, the P turnover generally increased with increasing P status. Similarly, the release rate of P by D. magna increased with increasing P/C ratio in food (Olsen et al. 1986 ). Earlier studies indicated that marine copepods have a relatively steady elemental composition (Andersen & Hessen 1991) , and certain species of zooplankton assimilated C, N, and P at a relatively stable ratio (Olsen et al. 1986 , Sterner 1989 , Hessen 1990 . It is possible that the copepods maintained their relatively constant P contents by modifying the efflux rate of P from their bodies. Further studies are necessary to examine P turnover in copepods with different P body contents.
Our study demonstrated that copepods assimilated ca. 19 to 78% dietary P for their growth and productivity, while at the same time they released predominantly unassimilated P into the dissolved pool, with only a small proportion as fecal pellets. The high P AE and rapid P efflux were consistent if much of the P moved through ATP, the molecular most intimately associated with energy transfer pathways. Given the rapid physiological turnover, the copepod's grazing plays an important role in regenerating P to the dissolved pools (Pomeroy et al. 1963) , and might make an important contribution to the high primary production in some marine environments with low dissolved P concentration (Zhang et al. 2004) . Copepods had high grazing pressure on phytoplankton. Such high ingestion activity could evidently affect the cycling of P in surface waters. Furthermore, the homeostasis of P in copepods may be achieved by modifying their dietary AE as well as the efflux rate, depending on the different food environments encountered by the copepods (e.g. food concentrations and P quotas in the food).
